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ReviewThe Nucleosome: From Genomic
Organization to Genomic Regulation
Oudet et al. prepared samples from nuclei of chicken
liver and cultured calf cells, where there is active tran-
scription. They also prepared other samples from chicken
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erythrocytes where there is essentially no transcription.University of Virginia Health System
They observed similar structures for both of these sam-Charlottesville, Virginia 22908
ples. In the absence of the linker histone, two types of
chromatin fibers were fractionated and characterized.
In one fraction, the nucleosomes were closely packedElectron micrographs first confirmed that the eukary-
with short DNA segments joining them, while in the otherotic genome is organized into repeating disk-shaped
fraction, the nucleosomes were closely packed withnucleosomal units composed of histones and their
uneven and larger DNA connecting segments. In bothassociated DNA. Those images made clear the func-
fractions, the nucleosomes were found to be homoge-tion of the nucleosome in packaging and condensing
neous particles with a diameter of 12.4–13 nm. More-the genome. Today, nucleosomes are recognized as
over, the segments joining the nucleosomes also showedhighly dynamic units through which the eukaryotic ge-
a homogeneous diameter that matched that of the DNA-nome can be regulated with epigenetically heritable
double helix.consequences. This review focuses on the conserved
Oudet et al. also showed that reconstituted particlesprotein structures that mobilize and remodel nucleo-
could give rise to the same type of electron microscopesomes and specifically mark and recognize their his-
derived images they had already seen with nuclear DNA.tone and DNA components. These events directly im-
To make this point, they depleted all four histones frompact DNA transcription, replication, recombination,
DNA by increasing the salt concentration, causing theand repair.
nucleosome particles to vanish from the electron micro-
graphs. Then, by diluting the salt, the histones could be
reconstituted with DNA, once again giving rise to theNucleosomes as Units of Genomic Organization
images of repeating units. Remarkably, they could pro-Nearly thirty years ago a landmark publication by Oudet
duce bona fide nucleosomes even when adenovirus oret al. provided the most vivid electron microscopic im-
lambda phage DNA was combined with histone pro-ages of the eukaryotic genome that clearly showed the
teins. This observation made it clear that there wouldexistence of uniformly sized particles (Oudet et al.,
be few if any sequence specific histone-DNA contacts1975). Those images of nucleosomes and their interpre-
within the nucleosomes. Measurements of the dimen-tation as the structural units for genomic organization
sions of DNA involved in these particles as well as thatcould be nicely integrated with a series of earlier bio-
assembled with adenovirus DNA (with defined length)chemical findings (Kornberg, 1974; Hewish and Bur-
allowed them to precisely calculate that the DNA pack-goyne, 1973). It was known that chromatin contained
aged in nucleosomes is compacted a little over fiveroughly one of each type of the so called core histones
times when compared to its extended length.H3, H4, H2A, and H2B per 100 base pairs of DNA, and
Crystallographic studies have more recently made itthat certain nucleases could cleave the DNA in chroma-
possible to visualize the nucleosome with increasingtin to sizes of about 200 base pairs. Low angle X-ray
clarity and focus. It was known that three distinct nucleo-scattering patterns had suggested the existence of a
some particles could be obtained with staph nucleaserepeating structure along the length of the chromatin
treatment of mouse chromatin (Bakayev et al., 1977).
fiber. This chronology of the key discoveries that led to
These differed with respect to their H1 content and the
the establishment of the repeating unit of eukaryotic
associated DNA, which could vary in length. To make
chromatin is described in a recent review (Olins and diffracting single crystals possible, nucleosomes with
Olins, 2003). the typical DNA size of about 200 base pairs had to be
The prior images of natural chromatin fibers under the further digested to yield more homogeneous and stable
electron microscope were extremely difficult to deci- core particles with 146  2 base pairs of DNA (Noll and
pher. To make their electron microscope observations Kornberg, 1977). In one of the earlier studies, the 7 A˚
possible, Oudet et al. had to develop more elaborate resolution structure of the core particle showed DNA
sample preparation techniques. By removing linker his- bending and kinking adjacent to points of contact with
tones, they dramatically improved the quality of the pic- histones (Richmond et al., 1984). The sharp bends in
tures to show us what looked like beads on a string. the DNA suggested that the location of a histone oc-
They referred to the repeating bead structures as tamer along a length of DNA can depend on the deform-
nucleosome, to evoke its nuclear origin and its reference ability of the duplex. The use of a defined symmetric
to spherical nu-bodies described previously (Olins and sequence of DNA in forming better ordered and diffract-
Olins, 1974). The electron micrographs and their careful ing crystals of the nucleosome was shown to improve
interpretation also provided us with the first details of the X-ray diffraction results (Richmond et al., 1988). DNA
how the DNA double helix was accommodated within in the -satellite regions was particularly well suited
chromatin. for forming homogeneous nucleosome particles. The
satellite regions are long blocks of highly repetitive DNA
sequences distributed within the genome of every eu-*Correspondence: khorasan@virginia.edu
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Figure 1. The Atomic Structure of the Nucleosome Core Particle
Each strand of DNA is shown in different shade of blue. The DNA makes 1.7 turns around the histone octamer to form an overall particle with
a disk-like structure. Histones are colored as in (A) and (B) of Figure 2.
karyote, appearing in some cases directly adjacent to assembled (Figures 1, 2A, and 2B). Each histone uses
a protein fold, the histone fold, consisting of a three-the centromeres. A 73 base pair unit from the -satellite
region of the human X chromosome has successfully helix core domain. These domains form “handshake”
arrangements (see Figure 2B) to give rise to the hetero-been used to produce a 2-fold symmetric DNA palin-
drome that could then be reconstituted with separately dimer H2A-H2B and the heterodimer H3-H4 (Arents et
al., 1991). Biochemical studies have shown that in solu-prepared histone octamers for high resolution structure
determination (Harp et al., 1996). tions of moderate salt and in the absence of DNA, the
H3-H4 complex forms a tetramer whereas H2A-H2BThere are currently a handful of high-resolution struc-
tures of the nucleosome core particles available all of complex remains a stable dimer (Figures 2A and 2B).
These components then associate together further towhich contain the DNA palindrome derived from the
human -satellite DNA (Figure 1). A 2.8 A˚ resolution form the histone octamer in the presence of DNA or in
buffered solutions containing more than 1 M NaCl. H3structure contains the DNA palindrome bound to recom-
binant Xenopus laevis histones prepared in E. coli (Luger has a unique role within the nucleosome, as there is a
2-fold symmetry in the nucleosome organized directlyet al., 1997); a related structure has also been deter-
mined at 1.9 A˚ resolution (Richmond and Davey, 2003; along the dimer interface of the two H3 histones. Apart
from heterodimerization with H4, H3 also forms directDavey et al., 2002). A 2.5 A˚ resolution structure contains
the DNA palindrome complexed to histones purified contacts with histone H2A. The H2A-H2B dimers posi-
tion themselves such that two H2A molecules interactfrom chicken erythrocyte nuclei (Harp et al., 2000). The
E. coli-produced Xenopus histones do not get post- with each other in the nucleosome.
In addition to the structured histone fold core, each his-translational modifications. By contrast, the histones
obtained from chicken erythrocytes carry numerous tone forms extensions consisting of disordered N-terminal
and or C-terminal tails that protrude from the nucleo-posttranslational modifications, and transcription is to
a large extent blocked in these cells. Analysis of the some. The histone tails are only partially visible in all
these structures and show no secondary structures.chicken erythrocyte histone H3 has shown that lysines
4, 9, 14, 27, 36, and 79 are methylated, whereas lysines However, the tail segments of H3 and H2B protrude
from the DNA gyres through the minor-groove channels.18 and 23 are acetylated; the significance of methylation
and acetylation is discussed below (Zhang et al., 2002). By extending beyond the disk-shaped nucleosome sur-
face, the tails form ideal surfaces for covalent modifica-Nevertheless, the nucleosome core particle structure
containing posttranslationally modified histones shows tions by enzyme machineries (see below).
Within the core particle, the DNA is wrapped so thatnear identical structure to the structure obtained from
recombinant histones that are free of such modifica- it forms 1.7 turns of a left-handed superhelix within the
nucleosome core particle (Figure 1). Where the DNAtions. This finding implies that these modifications do
not exert their biological function by significantly re- enters and leaves the nucleosome, there are contacts
with the N-terminal tail of the histone H3. The helicalshaping the nucleosome structure, but rather act as
marks for the specific recruitment of proteins that bring periodicity around the nucleosome core is 10.2 base
pair as compared to 10.6 base pair for the helical period-additional regulatory functions to these units.
We have also now learned a great deal about how the icity of a free B-DNA. This small adjustment between
free and nucleosomal DNA is largely a result of the tor-histone octamer within the nucleosome is organized and
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Figure 2. The Atomic Structure of the Core
(A and B) and Linker (C) Histones
(A) A tetramer of H3 (green) and H4 (yellow).
(B) A dimer of H2A (red) and H2B (pink).
(C) The linker histone has a conserved wing
helix fold; the variant H5 is shown, (Rama-
krishnan et al., 1993). The N- and C-terminal
tails of linker histones are disordered and
consist of numerous lysines and serines; the
amino acid sequence corresponding to a hu-
man H1 is shown.
sion during wrapping into a superhelix, which also allows of the entering and exiting linker DNA segments. In con-
trast to the solenoid model, the zigzag model uses thethe minor grooves to bind to histones.
Mammals package 2–3 billion bases of DNA that en- entry and exit paths of the DNA to establish the relative
positioning of the nucleosomes, and not protein-proteincode about 30,000 genes. These cells must therefore
accomplish the difficult task of folding the nucleosomes interactions between nucleosomes. Moreover, in the
zigzag model, alternate nucleosomes are physicallyin a highly compact manner while still allowing access
to various nuclear factors. Oudet et al. showed that closer than adjacent nucleosomes. In support of this
model, when single chicken erythrocyte chromatin fi-when the linker histone (H1 or H5) was present, the
chromatin fiber did not show the extended bead on a bers are stretched and released at room temperature
with force-measuring laser tweezers, a zigzag com-string character in their electron micrographs. Instead,
they saw a compact fibrillar structure corresponding to pacted fiber forms (Cui and Bustamante, 2000). These
studies also suggest that the internucleosomal at-the association of two nucleosome chains or to a zigzag
folding of a single chain (Oudet et al., 1975) (Figure 3A). traction energy is about 2 kcal/mol per nucleosome,
suggesting far less interaction occurs than would beTherefore, the linker histone has an important function
in the higher structure organization of the nucleosome expected of specific protein-protein packing between
two consecutive nucleosomes.and its stability. We now know that arrays of nucleo-
somes fold into a 30 nm chromatin fiber to further com- We have also learned much more about the linker
histone H1, without having seen its structure in the con-pact the DNA (for a review, see Woodcock and Dimitrov,
2001). Early studies interpreted this higher order organi- text of the nucleosome core particle. There are multiple
isoforms of linker histone H1 that are important for cellzation of nucleosomes by invoking a solenoid model
(Figure 3B). The solenoids involve six consecutive growth and proliferation (for review see, Khochbin,
2001). Mouse embryos with substantially reduced H1 dienucleosomes arranged in a turn of a helix that can con-
dense into a supercoil structure with a pitch of 11 nm. by midgestation, thus a threshold of H1 concentration
is crucial for proper embryonic development in higherThis structure is predicted to be held together by his-
tone-histone interactions (Finch and Klug, 1976). eukaryotes (Fan et al., 2003b). The H1 (or H5) protein
corresponds to a polypeptide that has a globular domainBiochemical and EM studies favor a zigzag model over
the solenoid model for the arrangement of nucleosomes of about 90 amino acids with a long unstructured
C-terminal tail and a shorter N-terminal tail. The globularwithin the 30 nm fiber (Bednar et al., 1998) (Figure 3).
The zigzag formation promotes a stem-like organization domain is conserved, and forms a winged helix-turn-
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characteristic peak was obtained for a fragment size of
78 bases corresponding to one turn of DNA around the
nucleosome and additional fragments were found to be
consistent with a zigzag model (Rydberg et al., 1998)
(Figure 3). The model that has emerged for the conden-
sation of the mitotic chromosomes indicates chromo-
some assembly is an active and dynamic process driven
predominantly by two ATP hydrolyzing enzymes, topo-
isomerase II and the condensin complex (for a review,
see Swedlow and Hirano, 2003). Condensin can induce
ATP-dependent positive supercoiling in closed circular
DNA suggesting chromosome condensation results
from the generation of a global positive writhe. Interest-
ingly, histone modification plays a significant role in
mitosis. For example, a specialized H3-like variant,
CENP-A, replaces H3 in the centromeric nucleosomes
(see below) to maintain a unique structure that is impor-
tant for proper chromosomal segregation. Moreover, as
cells enter mitosis, serines 10 and 28 in H3 become
phosphorylated, and there are also numerous sites of
phosphorylation in the H1 tail. Although the role of H3
phosphorylation for mitosis is not clear, the hyperphos-
phorylation of H1 is directly tied to its dissociation from
chromatin (Dou et al., 2002), suggesting that H1 mole-
cules may be removed for nucleosome superpacking in
the chromosome.
Figure 3. A Schematic of the 30 nm Fiber Interpreted as a Zigzag Nucleosomes as Regulatory Units
Model of Alternating Nucleosomes Versus a Solenoid of Adjacent
Oudet et al. considered how the nucleosome structuresNucleosomes
that they were observing might be related to the functionThe histone octamer in shown in two shades of blue and the DNA
of the eukaryotic genome when they wrote: “It is tempt-is shown in magenta. The linker histone H1 is shown in yellow.
ing to equate the chromatin fraction where most of the(A) The alternating aspect of adjacent nucleosomes creates a zigzag
pattern of packing. DNA is packed in the nucleosomes with the genome
(B) The consecutive arrangement of six nucleosomes in a turn of a fraction which is never expressed…It is possible that …
helix can form a solenoid with 11 nm pitch. free DNA might actually correspond to the fraction of
the genome which is eventually expressible in a given
cell type” (Oudet et al., 1975). This prediction is consis-helix motif composed of  fold. The structure
of the globular domain of H5 is shown in Figure 2C tent with the recent experimental observation that
nucleosomes unfold completely at transcriptionally ac-(Ramakrishnan et al., 1993).
Limited DNA digestion of chromatin can also be car- tive promoters (Boeger et al., 2003). However, our cur-
rent ideas have evolved to be more sophisticated, asried out in a way to generate so-called chromatosome
units that contain particles with 160 base pairs of we now recognize that a diverse array of modifications
of the nucleosome itself involving both the histones andwrapped DNA plus one H1 molecule (Simpson, 1978).
The location of H1 in the chromatosome has been the DNA regulate genomic functions. Moreover, nucleo-
some modification is a dynamic regulatory process. Themapped by protein-DNA photo-crosslinking showing
that the H1 globular domain forms interaction with the enzymes that introduce modifications at specific sites in
histones and DNA typically contain conserved catalyticDNA at either the entry or exit strand, but not with the
core histones (Zhou et al., 1998). Photobleaching studies domains that are modular. In vitro functional studies
on the enzymes that modify nucleosomes indicate thaton chromatin in living cells have shown uniform binding
of H1 and rapid dynamics of association and dissocia- some only exhibit their activities in the context of a
multisubunit complex while others act alone. In the fol-tion from nucleosomes (Misteli et al., 2000). The resi-
dence time of H1 on chromatin has been shown to de- lowing section, the activities and structures of the known
chromatin modifying and recognition proteins are de-crease upon hyperacetylation of the core histone tails
(see below), suggesting weaker binding of H1 to acet- scribed.
Nearly forty years of research has resulted in the docu-ylated nucleosomes.
In the mitotic chromosome, the 30 nm fiber must com- mentation of a variety of posttranslational modification
of the histones (for review, see van Holde, 1988). How-pact at least a few hundred-fold in order to achieve the
final compacted size. A total of 2 meters of human DNA ever, the impact of certain modifications for specific
nucleosome regulations has only emerged in the lastultimately fits within the nucleus. The higher order orga-
nization of nucleosomes in mitotic cells has been probed decade (Figure 4). The covalent modifications that take
place on histones include the acetylation of lysines, theby a method that employs ionizing radiation and is based
on the concept that such radiation induces correlated methylation of lysines and arginines, the phosphoryla-
tion of serines and threonines, the ubiquitination of ly-breaks in DNA strands that are in spatial proximity. A
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Figure 4. The Types of Posttranslational Modifications Observed on the Core Histones
(A) The histone octamer portion of the nucleosome core particle is shown. The sites of modifications on marked. For clarity, the modifications
are shown on one copy of each protein.
(B) The covalent modifications of the amino acids are shown.
sines, the sumolation of lysines, and the ADP-ribosyla- to HAT domains within proteins. The HAT domain re-
sides in the context of large multisubunit complexes;tion of glutamic acids. All of these modifications except
for methylation appear to be reversible (Bannister et al., for example, the Gcn5 HAT is part of two complexes,
Ada and SAGA, each with distinct biological functions2002). One proposal suggests that distinct modifications
can take place sequentially or in combination to form a (for review, see Marmorstein, 2001a). In vitro, the recom-
binant, isolated Gcn5 HAT can acetylate peptide lysinehistone code for specifying downstream events (Strahl
and Allis, 2000). substrates derived from histones H3 and H4. By compar-
ison, in vivo, the Gcn5 HAT function in the context of the
Ada or SAGA complex allows acetylation of nucleosomeLysine Acetylation
The acetylation of lysines in histone tails may have di- histones H3 and H2B. The structure of the HAT domain
shows a central conserved core unit that is important forverse roles in the regulation of the nucleosome (for re-
view see, Kurdistani and Grunstein, 2003). For example, acetyl-coenzyme-A (acetyl-CoA) cofactor binding and a
cleft used for substrate recognition that lies directly overa series of acetyllysines in a histone tail may decrease
the histone-DNA interaction and promote accessibility the cofactor binding pocket (Figure 5). Figure 5A shows
that the H3 peptide bound to Gcn5 HAT adopts a randomof the DNA for transcription activation. Moreover, acety-
lation in a specific manner can also regulate DNA replica- coil structure within a cleft of the enzyme, allowing a
set of backbone contacts to form in the complex. Thetion, histone deposition, and DNA repair by mechanisms
of recruiting proteins that have an acetyllysine binding phosphorylation of Ser 10 in the H3 peptide generates
additional interactions with the HAT, and is suggestivemodule, the bromodomain. Significant structural details
are now available for enzyme modules that carry out of how one histone modification can influence the cre-
ation of another modification. This interpretation is cor-the lysine acetylation and deacetylation events as well
as the specific recognition of an acetyllysine by the bro- related with the biological observation that phosphoryla-
tion at Ser10 can enhance Lys14 acetylation and thesemodomain.
The histone acetyltransferase (HAT) domain is respon- together promote transcription (Clements et al., 2003).
Lysine acetylation is reversed by histone deacetylasessible for the acetylation of lysines (for review, see Roth
et al., 2001). There is diversity in the size of the HAT (HDACs) (for review see Marmorstein, 2001b). A promi-
nent example is the Sir2 protein, implicated in manydomain and the type of other domains that exist adjacent
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Figure 5. Lysine Acetylation and Deacety-
lation
(A) A HAT domain is shown in complex with
a substrate H4 tail (blue) and its cofactor (pur-
ple) (Clements et al., 2003). The substrate ly-
sine is shown in orange.
(B) The structure of yeast Hst2 deacetylase
(Sir2 homolog) in complex with H4 substrate
(blue) and cofactor (purple) (Zhao et al., 2003).
The substrate acetyllysine is shown in orange.
(C) The cofactors of HAT (acetyl-CoA) and
HDAC (NAD).
(D) The bromodomain of Gcn5 in complex
with the H4 tail (blue) with acetyllysine 16 (or-
ange) (Owen et al., 2000).
aspects of gene regulation and cellular metabolism binding by bromodomain is characterized by weak affin-
ity, but the binding affinity dramatically increases when(Guarente, 2000). The structure of a Sir2 homolog from
yeast has been determined in complex with cofactor tandem bromodomains interact with multiply acetylated
sites of a target peptide. For example, TAFII250, theand a H4 peptide acetylated at lysine 16 (see Figure 5B)
(Zhao et al., 2003). To remove the acetyl group, the largest subunit of the TFIID multiprotein complex that
initiates assembly of the transcription machinery, hassubstrate and cofactor must meet within a tunnel be-
tween the small and large domains of the Sir2 protein two tandem bromodomains. The double bromodomain
region of TAFII250 binds a singly acetylated H4 tail atat the conserved active site histidine. The H4 peptide
binds in a bent conformation with specific interactions KD of 40 M, whereas it binds a doubly acetylated H4
tail at KD of 1 M, suggesting cooperativity in the dualforming with the side chain of acetyllysine 16 and numer-
ous backbone contacts forming with the adjacent resi- interaction (Jacobson et al., 2000).
There is evidence for sequential acetylation of a sub-dues in the peptide.
An acetylated lysine no longer has a basic side chain, set of lysines in histones H3 and H4 by the Gcn5 HAT
(Agalioti et al., 2002). This leads to the ordered recruit-allowing it to be recognized by bromodomain modules,
100 amino acid conserved sequences found in many ment of bromodomain-containing transcription com-
plexes. For example, acetylation of lysine 8 in H4 leadschromatin-associated proteins. Bromodomains are also
found in a majority of HAT containing proteins including to the recruitment of TFIID. The bromodomains of these
proteins directly anchor this complex to nucleosomesGcn5. The bromodomain folds into a left-handed four-
helix bundle (Dhalluin et al., 1999). A hydrophobic pocket at promoter regions. Similarly, the SAGA HAT complex
is believed to self perpetuate its interaction with an arraylocated at one end of the four-helix bundle binds the
histone tail with the acetyllysine. The crystal structure of nucleosomes by binding to acetylated sites through
the Gcn5 bromodomain (Hassan et al., 2002).of the Gcn5 bromodomain in complex with a histone H4
peptide containing acetyllysine 16 is shown in Figure
5D. The acetyl carbonyl group of acetyllysine contacts Lysine Methylation
Lysine methylation is directly implicated in epigenetica conserved asparagine residue in the bromodomain.
Additional contacts by the bromodomain to adjacent inheritance (for review, see Lachner et al., 2003). The
establishment and maintenance of mitotic and meiotichistone residues add specificity to the interaction (Owen
et al., 2000). In vitro binding studies indicate acetyllysine stable transcription patterns is fundamental for cell de-
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Figure 6. Lysine Methylation
(A) The structure of DIM5, a homolog of
SUV39H1, which methylates lysine 9 (orange)
in H3, is shown in complex with H3 tail (blue),
cofactor (purple), and four zinc ions (pink)
(Zhang et al., 2003). The zinc ions stabilize
the pre-SET and post-SET regions, both of
which are important for catalytic function.
(B) The cofactor S-adenosyl-L-methionine.
(C) HP1 chromodomain in complex with H3
tail (blue) with methyllysine 9 (orange) (Jacobs
and Khorasanizadeh, 2002). An aromatic cage
recognizes the methyllysine moiety.
termination and function. Certain activators and repres- methylation of histone tails. SET domains consist of 130
amino acids that fold into three discrete  sheet regionssors are believed to spread and maintain the genetic
states in a manner that is passed onto to daughter cells. flanked by  helices. The cofactor S-adenosyl-L-methio-
nine (SAM) binds to a concave surface of the enzymeTwo distinct self-sustaining epigenetic silencing mecha-
nisms are identified that are linked to the methylations directly above a knot-like structure. Lysine 9 methylation
in histone H3 is carried out by the SET domain of theof lysines 9 and 27 on histone H3. The HP1 protein
binding to histone H3 containing methyllysine 9 has a conserved SUV39H1 proteins. The structure of a ternary
complex including DIM-5 (a homolog of SUV39H1 fromdirect role in chromatin condensation and gene silencing
(see below). Similarly, the Polycomb protein specifically fungi) with SAM and a H3 peptide is shown in Figure 6A
(Zhang et al., 2003). The histone tail inserts as a parallelbinds to H3 containing methyllysine 27 using its chromo-
domain to mediate gene silencing during developmental strand between two strands of the SET domain. A chan-
nel is used to accommodate the target lysine 9 sidestages (Fischle et al., 2003a; Min et al., 2003b). An exam-
ple of epigenetic activation by lysine methylation in- chain, and the cofactor methyl donor site (Figure 6B)
lies at the opposite end of this channel.volves the Drosophila Ash1 protein that methylates ly-
sines 4 and 9 in H3 and lysine 20 in H4, thus creating Dot1 is an atypical histone methyltransferase that
methylates lysine 79 of histone H3 in the core domain.a distinct signal for the recruitment of the epigenetic
activator complex called Brahma to a nucleosome. Importantly, Dot1 does not contain a SET domain, but
still specifically methylates nucleosomal histone H3. TheBrahma binding inhibits HP1 association with a nucleo-
some, thus maintaining a transcriptionally active state crystal structure of this enzyme has revealed the fea-
tures of its active site (Min et al., 2003a). Dot1 is believed(Beisel et al., 2002).
Recent structural studies have revealed the features to interact extensively with histone H3 in nucleosomes,
and the contiguous nucleosome surface surroundingof the enzymes that carry out the lysine methylation
reaction. Histone methyltransferases can add up to the target lysine 79 is important for diverse gene silenc-
ing mechanisms in yeast including those involving ribo-three methyl groups to a single lysine side chain. The
increase in methylation is correlated with an increase in somal DNA, telomeres, and the silent-mating type locus
(Park et al., 2002).the basicity of the lysine side chain. The SET domain
contains the enzymatic activity responsible for lysine Methylated lysines are recognized by the conserved
Cell
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Figure 7. Arginine Methylation
(A) The structure of PRMT1 in complex with
cofactor (purple) and arginine substrate (or-
ange) (Zhang and Cheng, 2003).
(B) The tudor domain of the SMN protein
(Sprangers et al., 2003).
chromodomain modules found in chromatin-associated Eisenman, 2003). With regard to ubiquitination, one ly-
sine residue at the C terminus of both histones H2A andproteins related to heterochromatin protein HP1 (Jacobs
et al., 2001; Lachner et al., 2001; Bannister et al., 2001). H2B is ubiquitinated. The ubiquitin attachment is a three
step process involving E1 activating, E2 conjugating,Chromodomains are also found in several nucleosome
modifying proteins that also have HAT domains, SET and E3 ligase enzymes. H2B ubiquitination is important
for methylation of lysines 4 and 79 in histone H3 (Sundomains, and/or an ATPase domain within their poly-
peptides. The chromodomain binds to histone tails bear- and Allis, 2002). A subunit of the SAGA complex, Ubp8
protein, has been shown to remove the ubiquitin froming methyllysine in a highly specific manner, with the
affinity being highest for trimethyllysine and lowest for the H2B lysine. Sequential ubiquitination and deubiquiti-
nation can be concerted with lysine methylations, andmonomethyllysine. The structure of the HP1 chromodo-
main bound to a H3 peptide containing methyllysine these events are important for transcription regulation
(Henry et al., 2003; Daniel et al., 2003).shows that six residues of the H3 tail insert as a  strand
on the surface of the chromodomain and complete a 
sandwich overall fold (Figure 6C). Therefore, the disor- Arginine Methylation
Methylation of specific arginines in histones H3 and H4dered histone tails of the nucleosome evident in the
crystal structures of nucleosome core particles adopt correlate with the active state of transcription (for re-
view, see Zhang and Reinberg, 2001). For example, theregular secondary structure when bound to their recog-
nition proteins (Jacobs and Khorasanizadeh, 2002; Niel- methylation of Arg 3 of histone H4 facilitates H4 acetyla-
tion and enhances transcription activation by nuclearsen et al., 2002). Whereas residues adjacent to methyl-
lysine 9 in the H3 peptide form backbone hydrogen hormone receptors (Wang et al., 2001). The catalytic
module that methylates specific arginines is known asbonds and complementary surfaces with the side chains
of the chromodomain, the methyllysine is recognized the PRMT (protein R methyltransferase) domain. The
PRMT domain transfers the methyl group from SAM toby a cage substructure composed of three conserved
aromatic side chains (Figure 6C). the guanidino group of arginines to produce monometh-
ylarginine or dimethylarginine. Some PRMT modules
specifically prepare symmetric dimethylarginine andLysine Ubiquitination
The covalent attachment of a ubiquitin or a small ubiqui- others produce asymmetric dimethylarginine. For exam-
ple, PRMT1 catalyzes the formation of asymmetric di-tin-related modifier, sumo, to a specific lysine in histones
plays an important role in regulating transcription either methylarginine in glycine-rich basic sequences from di-
verse proteins including histone H4. The structure of thethrough proteosome-dependent degradation of tran-
scription factors or other mechanisms related to the PRMT1 has been determined in complex with cofactor
SAM and a substrate (Zhang and Cheng, 2003) (seerecruitment of modification complexes. While histone
ubiquitination has typically been attributed to positive Figure 7A). The target arginine resides in a pocket
formed by the regions of SAM binding and a -barrelcontrol of transcription (for review, see Zhang, 2003),
recent studies indicate that sumolation of histone H4 domain consisting of invariant glutamic acids for cataly-
sis. Methylated arginines in histone tails may becomeis important for transcriptional repression (Shiio and
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sites of recognition for other conserved domains; how- some important features of methyltransferase enzymes
that create C5-cytosine have been characterized. Thereever, the relevant proteins remain to be identified. The
role of symmetrically dimethylated arginines in the as- are distinct catalytic domains and DNA recognition do-
mains. The structure of the trapped ternary complex ofsembly of spliceosomal small nuclear ribonucleopro-
teins is to promote protein-protein interaction. Related an E. coli related enzyme (HhaI) shows that the first
cytosine in the GpCpGpC sequence flips out of the du-to this function, the tudor domain of the survival of motor
neuron protein has been shown to preferentially interact plex DNA to become methylated (for review, see Cheng
and Roberts, 2001).with symmetrically dimethylated arginine-containing
peptides derived from its target protein (Sprangers et DNA methylation represses genes by recruitment of
methyl-CpG binding domain (MBD) proteins, which se-al., 2003) (Figure 7B).
lectively recognize methylated CpG dinucleotides. MeCP2
is a well-known methyl-CpG binding domain protein,Serine Phosphorylation
which contains an MBD domain and a transcriptionalThe well-studied phosphorylation of histone H3 at Ser10
repression domain that acts to recruit the Sin3 HDACis correlated with mitosis and chromosome condensa-
complex. MeCP2 is capable of binding to a single sym-tion, and phosphorylation of Ser 28 in histone H3 ap-
metrically methylated CpG both in naked DNA and withinpears to have a related function (Hsu et al., 2000). Other
chromatin. MeCP2 facilitates lysine 9 methylation in H3serine phosphorylation sites have been identified on
and may serve as a bridge between DNA methylationhistones H4, H2A, and H2B (for review, see Cheung et
and histone methylation (Fuks et al., 2003).al., 2000). Serine 10 phosphorylation on histone H3 is
MBDs consist of 75 amino acids that fold into analso linked to transcription activation. When mammalian
/ sandwich fold. The complexed structure of a MBDcells are exposed to mitogen or stress, the time course
shows that the two methyl groups in the methyl-CpGof this phosphorylation corresponds to the transient ex-
site are specifically recognized (Ohki et al., 2001). Al-pression of activated immediate-early genes (for review
though the methyl-CpG sequences occur symmetrically,see, Thomson et al., 1999). The kinases that can phos-
there is no symmetry in the methyl-contacting interfacephorylate H3 are Aurora-B/Ipl1, PKA, Rsk-2, and Msk1,
indicating that each of the two methyl groups is recog-which tend to target Ser/Thr sites that are surrounded
nized in a distinct manner (Figure 8). There are no base-by basic residues. Phosphorylation is reversed by the
protein contacts outside the CpG sequence. MBD isprotein phosphatase 1 (PP1) family. A well-known exam-
believed to bind the CpG sites on nucleosomes withoutple is Glc7 that acts on serine 10 in histone H3 (Hsu et
encountering steric interference with any of the his-al., 2000).
tones.There are no conserved modules identified that are
recruited to the phosphoserines of the histone tails. As
mentioned before, the HAT domain of Gcn5 has been ATP-Dependent Nucleosome Remodeling
shown to increase lysine acetylation capacity due to the Nucleosomes present a formidable barrier to the ac-
interactions with the adjacent phosphoserine. Phos- cessing of the wrapped DNA. The ATP-dependent chro-
phorylation may thus have a unique role in regulation matin remodeling complexes called SWI2/SNF2 com-
of other modifications that occur adjacent to it. A binary plexes, operating at the nucleosome level, are able to
switch has been proposed for the function of phospho- physically perturb the structure of chromatin in ways
serines adjacent to methyllysines in histone tails; phos- that appear to be conserved from yeast to human (for
phorylation may neutralize the effect of lysine methyla- review, see Flaus and Owen-Hughes, 2003; Narlikar et
tion (Fischle et al., 2003b). al., 2002). The remodeling by SWI2/SNF2 complex re-
quires ATP binding to its conserved ATPase subunit
(Figure 9A), but each complex also contains numerousDNA Methylation
In addition to the covalent modifications on histones, the other subunits whose functions remain to be character-
ized. There are four classes of SWI2/SNF2 complexesDNA is also subject to covalent modification. Cytosine
methylation is important for gene repression in mam- identified, the SWI/SNF, ISWI, CHD, and INO80. The
SWI/SNF and ISWI classes each have either a bromodo-mals and plants, although it does not occur in a number
of eukaryotes including yeast and C. elegans (for review, main or a SANT domain (Figure 9B) C-terminal to their
SNF2 domains, respectively. The SANT domain, al-see Bird, 2002). In mammals, methylation is almost ex-
clusively targeted to CpG dinucleotides. The differences though homologous to the DNA binding domain of the
oncogene c-myb (Aasland et al., 1996), may serve toin DNA-methylation status have been correlated with
genome imprinting, inactivation of the X chromosome, bind to histone tails and not DNA (Grune et al., 2003).
The CHD class of complexes has two consecutive chro-and embryonic development. DNA methylation has been
linked to human neurodevelopmental syndromes, such modomains located N-terminal to the SNF2 domain. The
INO80 class does not have any conserved motif beyondas Rett and fragile X, which result from mutations in
factors that regulate DNA methylation. the SNF2 domain, and the SNF2 sequence is interrupted
by a long insertion.In Neurospora, cytosine methylation depends on a
conserved DNA methyltransferase, which is directed to Proteins containing the SNF2 domain are distantly
related to the DEAX box helicases. Eukaryotic helicaseschromatin by the histone H3 lysine 9 methyltransferase
DIM-5 (Tamaru and Selker, 2001). Therefore, direct links are proteins that catalyze the separation of duplex DNA
or RNA into single strands in an ATP-dependent reac-have been established between two silencing signals
on a nucleosome, these being the methylation of lysine tion. Binding of ATP is conserved through the Walker A
(phosphate binding loop) and B (Mg2 binding) motifs.9 in H3 and the methylation of DNA cytosines. Moreover,
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Figure 8. The Structure of Methyl Binding
Domain in Complex with Methyl CpG (Or-
ange) Containing DNA (Purple)
The inset shows a schematic of the dinucleo-
tide methyl CpG.
These helicases belong to a broad family of proteins mRNA splicing, and ribosome maturation. The most
conserved structure of the DEAX-box helicases consiststhat range in size from 400 residues to 1200 residues,
with activities ranging from nucleosome remodeling, of two domains linked with a flexible linker as seen in the
Figure 9. Chromatin Remodeling
(A) Structure of the yeast Initiation Factor 4A
is shown to represent the conserved SNF2
motif of the remodeling complexes (Caruth-
ers et al., 2000). Two domains are linked by
a variable and flexible segment. Domain 1
binds ATP and Mg ion.
(B) The structure of the SANT domain (Grune
et al., 2003).
(C) Inositol phosphate stimulates the activity
of some chromatin remodeling complexes.
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Figure 10. Sequence Alignment of Variants
of Histones H3 and H2A with the Known Sec-
ondary Structures of H3 and H2A Depicted
on Top
(A) The sequences of the conserved H3.3 and
CENP-A variants. H3.3 differs by only a few
residues. The arrows above the H3 N-terminal
tail indicate the sites that form  strands upon
binding to chromodomains.
(B) The sequences of the conserved H2A.Z,
macroH2A, H2AX, and H2ABbd variants of
H2A. The sequence of H2ABbd is most diver-
gent while others are closely related with
some changes in the turn regions connecting
the  helices.
(C) The structure of the macro domain from
Af1521 protein.
crystal structure of the eukaryotic translation initiation DNA segments are peeled off from an edge of the
nucleosome to mobilize octamers and the DNA is subse-factor 4A (eIF4A) protein (Figure 9A) (Caruthers et al.,
2000). Each domain forms an  structure, and the ATP quently wrapped again. Histone H2A.Z substitution ap-
pears to depend on a SWR1 complex (INO80 homolog).and Mg2 binding both in the amino-terminal domain.
DNA binding is expected to occur on loops that protrude Interestingly, the function of the remodeling complexes
can be modulated with inositol phosphates (Shen et al.,from both domains.
Two similar SWI/SNF complexes in yeast appear to 2003; Steger et al., 2003) (Figure 9C). For example, the
production of inositol phosphate modulates the abilityhave different structures and functions. The yeast SWI/
SNF complex has 11 subunits with total size of 1.14 of the SWI/SNF and INO80 complexes to induce tran-
scription of some phosphate-responsive genes andMDa. This complex is important for the transcription of
about 1% of genes, and is not required for cell viability. stimulates the sliding activity of SWI/SNF.
The low-resolution structure from electron microscopy
indicates an oblate shape of 25 nm by 12 nm containing Substitution with Variants of H3 or H2A
The bulk of histones in eukaryotic cells is expressedmany lobes (Smith et al., 2003). The yeast RSC complex
is more abundant and also required for cell viability. The during the S phase and is deposited on the nucleosomes
during DNA replication. There are also histone H3 andRSC complex avidly binds naked DNA, and forms a 1:1
complex with nucleosomes. There is evidence that RSC H2A variants that confer specialized function to nucleo-
somes (Figures 10A and 10B). These variants are synthe-has a nucleosome binding cavity that may permit this
complex to partially dislodge DNA from histones (Astur- sized throughout the cell cycle and their deposition is
replication-independent. The relative accessibility of theias et al., 2002).
Using atomic force microscopy, the products of re- histones H3 and H2A within the nucleosome particle
appears to make their substitution possible. One promi-modeling reactions by the human SWI/SNF complex
show dimers of mononucleosomes in which a significant nent H3 variant is the centromere protein A (CENP-A)
that participates in the assembly of centromeric nucleo-fraction displays unexpected tails of about 60 base pairs
of free DNA. These data suggest that SWI/SNF activity somes together with H4, H2A, and H2B (Ahmad and
Henikoff, 2001). CENP-A is essential for centromererestructures rather than simply repositions nucleosomes
on DNA (Schnitzler et al., 2001). The remodeling activity structure and function. The N-terminal tail of CENP-A is
very different from H3, offering numerous possibilitiesof human SWI/SNF is apparently H1 dependent. In the
absence of H1, nucleosomes are shifted to the DNA for alternative posttranslational modifications. Another
H3 variant, H3.3, is very similar in sequence to H3 andends, but in the presence of H1 nucleosomes are moved
away from the ends (Ramachandran et al., 2003). The deposited at particular loci without a requirement for
DNA replication. The replacement of H3 with H3.3 isremodeling complexes characterized thus far have been
implicated in at least three types of activities. These are believed to cause the immediate activation of genes
that are silenced by histone H3 lysine 9 methylationoctamer sliding, DNA looping (Fan et al., 2003a; Fazzio
and Tsukiyama, 2003; Kassabov et al., 2003), and his- (Ahmad and Henikoff, 2002).
The histone H2A variant H2A.Z is important for thetone substitution (Mizuguchi et al., 2003). In the sliding
mechanism, the histone octamers are relocated relative regulation of silencing for a subset of genes (Figure 10B).
The crystal structure of the nucleosome core particleto the DNA in a process that initiates from the entry or
exit position of a nucleosome. In the looping mechanism, containing the H2A.Z variant shows only subtle changes
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the transcriptional co-repressor N-CoR and TFIIIB. Trends Biochem.on the accessible surface area of the nucleosome (Suto
Sci. 21, 87–88.et al., 2000). The segment of the H2A.Z which forms
Agalioti, T., Chen, G., and Thanos, D. (2002). Deciphering the tran-complementary interactions with a second H2A.Z is dif-
scriptional histone acetylation code for a human gene. Cell 111,ferent from the corresponding dimer surface of H2A,
381–392.
suggesting a homologous pair of a certain H2A variant
Ahmad, K., and Henikoff, S. (2001). Centromeres are specialized
is stably incorporated in each variant of the nucleosome replication domains in heterochromatin. J. Cell Biol. 153, 101–110.
Another H2A variant, H2AX, has a unique C-terminal
Ahmad, K., and Henikoff, S. (2002). The histone variant H3.3 marks
extension which is important for DNA repair by nonho- active chromatin by replication-independent nucleosome assembly.
mologous end joining. The function of H2AX depends Mol. Cell 9, 1191–1200.
on the phosphorylation of the C-terminal extension (Ro- Allen, M.D., Buckle, A.M., Cordell, S.C., Lowe, J., and Bycroft, M.
gakou et al., 1998). The macroH2A variant has a 25 (2003). The crystal structure of AF1521 a protein from Archaeoglo-
bus fulgidus with homology to the non-histone domain of macroH2A.kDa nonhistone fold domain added to its C terminus.
J. Mol. Biol. 330, 503–511.MacroH2A is substituted in the nucleosomes of the inac-
Arents, G., Burlingame, R.W., Wang, B.C., Love, W.E., and Moudria-tive X chromosome in female mammals (Costanzi and
nakis, E.N. (1991). The nucleosomal core histone octamer at 3.1 A˚Pehrson, 1998). The nucleosomes of the inactive X chro-
resolution: a tripartite protein assembly and a left-handed superhe-
mosome have numerous other modifications including lix. Proc. Natl. Acad. Sci. USA 88, 10148–10152.
the presence of a noncoding RNA called Xist (Okamoto
Asturias, F.J., Chung, W.H., Kornberg, R.D., and Lorch, Y. (2002).
et al., 2003). The crystal structure of the conserved Structural analysis of the RSC chromatin-remodeling complex. Proc.
macro domain indicates a DNA binding structure to- Natl. Acad. Sci. USA 99, 13477–13480.
gether with a peptidase fold (Allen et al., 2003) (Figure Bakayev, V.V., Bakayeva, T.G., and Varshavsky, A.J. (1977). Nucleo-
10C). These authors have proposed putative functions somes and subnucleosomes: heterogeneity and composition. Cell
11, 619–629.for the macro domain that include its role as an anchor-
Bannister, A.J., Zegerman, P., Partridge, J.F., Miska, E.A., Thomas,ing site for the binding of Xist RNA or DNA, and a poten-
J.O., Allshire, R.C., and Kouzarides, T. (2001). Selective recognitiontial role as a modifying enzyme permanently attached
of methylated lysine 9 on histone H3 by the HP1 chromo domain.to the variant nucleosomes. The H2ABbd (Bar body defi-
Nature 410, 120–124.
cient) variant has a very different sequence and its depo-
Bannister, A.J., Schneider, R., and Kouzarides, T. (2002). Histonesition correlates with transcriptionally active domains.
methylation: dynamic or static? Cell 109, 801–806.
The nucleosomes with H2ABbd are expected to have
Bednar, J., Horowitz, R.A., Grigoryev, S.A., Carruthers, L.M., Hansen,
loose packing (Chadwick and Willard, 2001). J.C., Koster, A.J., and Woodcock, C.L. (1998). Nucleosomes, linker
DNA, and linker histone form a unique structural motif that directs
the higher-order folding and compaction of chromatin. Proc. Natl.Conclusions
Acad. Sci. USA 95, 14173–14178.The past 30 years have seen the understanding of
Beisel, C., Imhof, A., Greene, J., Kremmer, E., and Sauer, F. (2002).nucleosomes go beyond their role in genomic compac-
Histone methylation by the Drosophila epigenetic transcriptional
tion to more complex functions as the regulatory units regulator Ash1. Nature 419, 857–862.
of the genome. While there has been considerable evi-
Bird, A. (2002). DNA methylation patterns and epigenetic memory.
dence that isolated genes can be regulated at the DNA Genes Dev. 16, 6–21.
level, there is now strong evidence that genes encounter Boeger, H., Griesenbeck, J., Strattan, J.S., and Kornberg, R.D.
additional regulatory signals at the chromatin level. The (2003). Nucleosomes unfold completely at a transcriptionally active
latter signals are imparted to a significant extent via promoter. Mol. Cell 11, 1587–1598.
targeted covalent modifications to the exposed tails of Caruthers, J.M., Johnson, E.R., and McKay, D.B. (2000). Crystal
structure of yeast initiation factor 4A, a DEAD-box RNA helicase.histone proteins. The recognition of these marks by pro-
Proc. Natl. Acad. Sci. USA 97, 13080–13085.teins and multisubunit complexes in turn influences DNA
Chadwick, B.P., and Willard, H.F. (2001). A novel chromatin protein,expression, replication, recombination, and repair. In
distantly related to histone H2A, is largely excluded from the inactiveaddition to the covalent marks, ATP-driven remodeling
X chromosome. J. Cell Biol. 152, 375–384.complexes and the substitution of histone variants fur-
Cheng, X., and Roberts, R.J. (2001). AdoMet-dependent methyla-ther impact chromatin structure and function. The net
tion, DNA methyltransferases and base flipping. Nucleic Acids Res.
results can in some cases be transmitted through meio- 29, 3784–3795.
sis or mitosis to daughter and progeny cells. The chal- Cheung, P., Allis, C.D., and Sassone-Corsi, P. (2000). Signaling to
lenge for the future is to establish how these complex chromatin through histone modifications. Cell 103, 263–271.
modification strategies regulate disease states in mam- Clements, A., Poux, A.N., Lo, W.S., Pillus, L., Berger, S.L., and Mar-
mals, and whether they provide a handle for intervention morstein, R. (2003). Structural basis for histone and phosphohistone
binding by the GCN5 histone acetyltransferase. Mol. Cell 12,at the single gene level.
461–473.
Costanzi, C., and Pehrson, J.R. (1998). Histone macroH2A1 is con-Acknowledgments
centrated in the inactive X chromosome of female mammals. Nature
393, 599–601.I thank J.F. Flanagan, J.M. Harp, S.A. Jacobs, F. Rastinejad, M.M.
Smith, P.T. Stukenberg, and C.L. Woodcock for critical reading of Cui, Y., and Bustamante, C. (2000). Pulling a single chromatin fiber
the manuscript. Work in my laboratory is supported by the National reveals the forces that maintain its higher-order structure. Proc.
Institutes of Health. Natl. Acad. Sci. USA 97, 127–132.
Daniel, J.A., Torok, M.S., Sun, Z.W., Schieltz, D., Allis, C.D., Yates,
References J.R., and Grant, P.A. (2003). Deubiquitination of histone H2B by
a yeast acetyltransferase complex regulates transcription. J. Biol.
Chem., in press. Published online December 3, 2003. 10.1074/Aasland, R., Stewart, A.F., and Gibson, T. (1996). The SANT domain:
a putative DNA-binding domain in the SWI-SNF and ADA complexes, jbc.C300494200.
Review
271
Davey, C.A., Sargent, D.F., Luger, K., Maeder, A.W., and Richmond, berg, J.C., Allis, C.D., and Khorasanizadeh, S. (2001). Specificity of
the HP1 chromo domain for the methylated N-terminus of histoneT.J. (2002). Solvent mediated interactions in the structure of the
nucleosome core particle at 1.9 a resolution. J. Mol. Biol. 319, 1097– H3. EMBO J. 20, 5232–5241.
1113. Jacobson, R.H., Ladurner, A.G., King, D.S., and Tjian, R. (2000).
Dhalluin, C., Carlson, J.E., Zeng, L., He, C., Aggarwal, A.K., and Zhou, Structure and function of a human TAFII250 double bromodomain
M.-M. (1999). Structure and ligand of a histone acetyltransferase module. Science 288, 1422–1425.
bromodomain. Nature 399, 491–496. Kassabov, S.R., Zhang, B., Persinger, J., and Bartholomew, B.
Dou, Y., Bowen, J., Liu, Y., and Gorovsky, M.A. (2002). Phosphoryla- (2003). SWI/SNF unwraps, slides, and rewraps the nucleosome. Mol.
tion and an ATP-dependent process increase the dynamic exchange Cell 11, 391–403.
of H1 in chromatin. J. Cell Biol. 158, 1161–1170. Khochbin, S. (2001). Histone H1 diversity: bridging regulatory signals
Fan, H.Y., He, X., Kingston, R.E., and Narlikar, G.J. (2003a). Distinct to linker histone function. Gene 271, 1–12.
strategies to make nucleosomal DNA accessible. Mol. Cell 11, 1311– Kornberg, R.D. (1974). Chromatin structure: a repeating unit of his-
1322. tones and DNA. Science 184, 868–871.
Fan, Y., Nikitina, T., Morin-Kensicki, E.M., Zhao, J., Magnuson, T.R., Kurdistani, S.K., and Grunstein, M. (2003). Histone acetylation and
Woodcock, C.L., and Skoultchi, A.I. (2003b). H1 linker histones are deacetylation in yeast. Nat. Rev. Mol. Cell Biol. 4, 276–284.
essential for mouse development and affect nucleosome spacing
Lachner, M., O’Carroll, D., Rea, S., Mechtler, K., and Jenuwein, T.
in vivo. Mol. Cell. Biol. 23, 4559–4572.
(2001). Methylation of histone H3 lysine 9 creates a binding site for
Fazzio, T.G., and Tsukiyama, T. (2003). Chromatin remodeling in HP1 proteins. Nature 410, 116–120.
vivo: evidence for a nucleosome sliding mechanism. Mol. Cell 12,
Lachner, M., O’Sullivan, R.J., and Jenuwein, T. (2003). An epigenetic1333–1340.
road map for histone lysine methylation. J. Cell Sci. 116, 2117–2124.
Finch, J.T., and Klug, A. (1976). Solenoidal model for superstructure
Luger, K., Maeder, A.W., Richmond, R.K., Sargent, D.F., and Rich-in chromatin. Proc. Natl. Acad. Sci. USA 73, 1897–1901.
mond, T.J. (1997). X-ray structure of the nucleosome core particle
Fischle, W., Wang, Y., Jacobs, S.A., Kim, Y., Allis, C.D., and Khora- at 2.8 A resolution. Nature 389, 251–259.
sanizadeh, S. (2003a). Molecular basis for the discrimination of re-
Marmorstein, R. (2001a). Structure and function of histone acetyl-pressive methyl-lysine marks in histone H3 by Polycomb and HP1
transferases. Cell. Mol. Life Sci. 58, 693–703.chromodomains. Genes Dev. 17, 1870–1881.
Marmorstein, R. (2001b). Structure of histone deacetylases: insightsFischle, W., Wang, Y., and Allis, L.D. (2003b). Binary switches and
into substrate recognition and catalysis. Structure (Camb) 9, 1127–modification cassettes in histone biology and beyond. Nature
1133.425, 475–479.
Min, J., Feng, Q., Li, Z., Zhang, Y., and Xu, R.M. (2003a). StructureFlaus, A., and Owen-Hughes, T. (2003). Mechanisms for nucleosome
of the catalytic domain of human DOT1L, a non-SET domain nucleo-mobilization. Biopolymers 68, 563–578.
somal histone methyltransferase. Cell 112, 711–723.
Fuks, F., Hurd, P.J., Wolf, D., Nan, X., Bird, A.P., and Kouzarides,
Min, J., Zhang, Y., and Xu, R.M. (2003b). Structural basis for specificT. (2003). The methyl-CpG-binding protein MeCP2 links DNA methyl-
binding of Polycomb chromodomain to histone H3 methylated atation to histone methylation. J. Biol. Chem. 278, 4035–4040.
Lys 27. Genes Dev. 17, 1823–1828.
Grune, T., Brzeski, J., Eberharter, A., Clapier, C.R., Corona, D.F.,
Misteli, T., Gunjan, A., Hock, R., Bustin, M., and Brown, D.T. (2000).Becker, P.B., and Muller, C.W. (2003). Crystal structure and func-
Dynamic binding of histone H1 to chromatin in living cells. Naturetional analysis of a nucleosome recognition module of the remodel-
408, 877–881.ing factor ISWI. Mol. Cell 12, 449–460.
Mizuguchi, G., Shen, X., Landry, J., Wu, W.H., Sen, S., and Wu, C.Guarente, L. (2000). Sir2 links chromatin silencing, metabolism, and
(2003). ATP-driven exchange of histone H2AZ variant catalyzed byaging. Genes Dev. 14, 1021–1026.
SWR1 chromatin remodeling complex. Science, in press. Published
Harp, J.M., Hanson, B.L., Timm, D.E., and Bunick, G.J. (2000). Asym- online November 26, 2003. 10.1126/science.1090701.
metries in the nucleosome core particle at 2.5 angstrom resolution.
Narlikar, G.J., Fan, H.Y., and Kingston, R.E. (2002). CooperationActa Crystallogr. D56, 1513–1534.
between complexes that regulate chromatin structure and transcrip-
Harp, J.M., Uberbacher, E.C., Roberson, A.E., Palmer, E.L., Gewiess, tion. Cell 108, 475–487.
A., and Bunick, G.J. (1996). X-ray diffraction analysis of crystals
Nielsen, P.R., Nietlispach, D., Mott, H.R., Callaghan, J., Bannister,containing twofold symmetric nucleosome core particles. Acta Crys-
A., Kouzarides, T., Murzin, A.G., Murzina, N.V., and Laue, E.D. (2002).tallogr. D52, 283–288.
Structure of the HP1 chromodomain bound to histone H3 methylated
Hassan, A.H., Prochasson, P., Neely, K.E., Galasinski, S.C., Chandy, at lysine 9. Nature 416, 103–107.
M., Carrozza, M.J., and Workman, J.L. (2002). Function and selectiv-
Noll, M., and Kornberg, R.D. (1977). Action of micrococcal nucleaseity of bromodomains in anchoring chromatin-modifying complexes
on chromatin and the location of histone H1. J. Mol. Biol. 109,to promoter nucleosomes. Cell 111, 369–379.
393–404.
Henry, K.W., Wyce, A., Lo, W.S., Duggan, L.J., Emre, N.C., Kao,
Ohki, I., Shimotake, N., Fujita, N., Jee, J., Ikegami, T., Nakao, M.,C.F., Pillus, L., Shilatifard, A., Osley, M.A., and Berger, S.L. (2003).
and Shirakawa, M. (2001). Solution structure of the methyl-CpGTranscriptional activation via sequential histone H2B ubiquitylation
binding domain of human MBD1 in complex with methylated DNA.and deubiquitylation, mediated by SAGA-associated Ubp8. Genes
Cell 105, 487–497.Dev. 17, 2648–2663.
Okamoto, I., Otte, A.P., Allis, C.D., Reinberg, D., and Heard, E. (2003).Hewish, D.R., and Burgoyne, L.A. (1973). Chromatin sub-structure.
Epigenetic dynamics of imprinted X inactivation during early mouseThe digestion of chromatin DNA at regularly spaced sites by a nu-
development. Science, in press. Published online December 17,clear deoxyribonuclease. Biochem. Biophys. Res. Commun. 52,
2003. 10.1126/science.1092727.504–510.
Olins, A.L., and Olins, D.E. (1974). Spheroid chromatin units (v bod-Hsu, J.Y., Sun, Z.W., Li, X., Reuben, M., Tatchell, K., Bishop, D.K.,
ies). Science 183, 330–332.Grushcow, J.M., Brame, C.J., Caldwell, J.A., Hunt, D.F., et al. (2000).
Olins, D.E., and Olins, A.L. (2003). Chromatin history: our view fromMitotic phosphorylation of histone H3 is governed by Ipl1/aurora
the bridge. Nat. Rev. Mol. Cell Biol. 4, 809–814.kinase and Glc7/PP1 phosphatase in budding yeast and nematodes.
Cell 102, 279–291. Oudet, P., Gross-Bellard, M., and Chambon, P. (1975). Electron mi-
croscopic and biochemical evidence that chromatin structure is aJacobs, S.A., and Khorasanizadeh, S. (2002). Structure of the HP1
repeating unit. Cell 4, 281–300.chromodomain bound to a lysine 9-methylated histone H3 tail. Sci-
ence 295, 2080–2083. Owen, D.J., Ornaghi, P., Yang, J., Lowe, N., Evans, P.R., Ballario,
P., Neuhaus, D., Filetici, P., and Travers, A.A. (2000). The structuralJacobs, S.A., Taverna, S.D., Zhang, Y., Briggs, S.D., Li, J., Eissen-
Cell
272
basis for the recognition of acetylated histone H4 by the bromodo- van Holde, K.E. ed. (1988). Chromatin (New York, Springer-Verlag).
main of histone acetyltransferase Gcn5p. EMBO J. 19, 6141–6149. Wang, H., Huang, Z.Q., Xia, L., Feng, Q., Erdjument-Bromage, H.,
Strahl, B.D., Briggs, S.D., Allis, C.D., Wong, J., Tempst, P., andPark, J.H., Cosgrove, M.S., Youngman, E., Wolberger, C., and
Zhang, Y. (2001). Methylation of histone H4 at arginine 3 facilitatingBoeke, J.D. (2002). A core nucleosome surface crucial for transcrip-
transcriptional activation by nuclear hormone receptor. Sciencetional silencing. Nat. Genet. 32, 273–279.
293, 853–857.Ramachandran, A., Omar, M., Cheslock, P., and Schnitzler, G.R.
Woodcock, C.L., and Dimitrov, S. (2001). Higher-order structure of(2003). Linker histone H1 modulates nucleosome remodeling by
chromatin and chromosomes. Curr. Opin. Genet. Dev. 11, 130–135.human SWI/SNF. J. Biol. Chem. 278, 48590–48601.
Zhang, Y. (2003). Transcriptional regulation by histone ubiquitinationRamakrishnan, V., Finch, J.T., Graziano, V., Lee, P.L., and Sweet,
and deubiquitination. Genes Dev. 17, 2733–2740.R.M. (1993). Crystal structure of globular domain of histone H5 and
its implications for nucleosome binding. Nature 362, 219–223. Zhang, Y., and Reinberg, D. (2001). Transcription regulation by his-
tone methylation: interplay between different covalent modificationsRichmond, T.J., and Davey, C.A. (2003). The structure of DNA in the
of the core histone tails. Genes Dev. 15, 2343–2360.nucleosome core. Nature 423, 145–150.
Zhang, X., and Cheng, X. (2003). Structure of the predominant pro-Richmond, T.J., Finch, J.T., Rushton, B., Rhodes, D., and Klug, A.
tein arginine methyltransferase PRMT1 and analysis of its binding(1984). Structure of the nucleosome core particle at 7 A resolution.
to substrate peptides. Structure (Camb) 11, 509–520.Nature 311, 532–537.
Zhang, K., Tang, H., Huang, L., Blankenship, J.W., Jones, P.R.,Richmond, T.J., Searles, M.A., and Simpson, R.T. (1988). Crystals
Xiang, F., Yau, P.M., and Burlingame, A.L. (2002). Identification ofof a nucleosome core particle containing defined sequence DNA.
acetylation and methylation sites of histone H3 from chickenJ. Mol. Biol. 199, 161–170.
erythrocytes by high-accuracy matrix-assisted laser desorption ion-Rogakou, E.P., Pilch, D.R., Orr, A.H., Ivanova, V.S., and Bonner,
ization-time-of-flight, matrix-assisted laser desorption ionization-W.M. (1998). DNA double-stranded breaks induce histone H2AX
postsource decay, and nanoelectrospray ionization tandem massphosphorylation on serine 139. J. Biol. Chem. 273, 5858–5868.
spectrometry. Anal. Biochem. 306, 259–269.
Roth, S.Y., Denu, J.M., and Allis, C.D. (2001). Histone acetyltransfer-
Zhang, X., Yang, Z., Khan, S.I., Horton, J.R., Tamaru, H., Selker, E.U.,
ases. Annu. Rev. Biochem. 70, 81–120.
and Cheng, X. (2003). Structural basis for the product specificity of
Rydberg, B., Holley, W.R., Mian, I.S., and Chatterjee, A. (1998). Chro- histone lysine methyltransferases. Mol. Cell 12, 177–185.
matin conformation in living cells: support for a zig-zag model of
Zhao, K., Chai, X., and Marmorstein, R. (2003). Structure of the yeast
the 30 nm chromatin fiber. J. Mol. Biol. 284, 71–84.
Hst2 protein deacetylase in ternary complex with 2-O-acetyl ADP
Schnitzler, G.R., Cheung, C.L., Hafner, J.H., Saurin, A.J., Kingston, ribose and histone peptide. Structure (Camb) 11, 1403–1411.
R.E., and Lieber, C.M. (2001). Direct imaging of human SWI/SNF- Zhou, Y.B., Gerchman, S.E., Ramakrishnan, V., Travers, A., and
remodeled mono- and polynucleosomes by atomic force micros- Muyldermans, S. (1998). Position and orientation of the globular
copy employing carbon nanotube tips. Mol. Cell. Biol. 21, 8504– domain of linker histone H5 on the nucleosome. Nature 395,
8511. 402–405.
Shen, X., Xiao, H., Ranallo, R., Wu, W.H., and Wu, C. (2003). Modula-
tion of ATP-dependent chromatin-remodeling complexes by inositol
polyphosphates. Science 299, 112–114.
Shiio, Y., and Eisenman, R.N. (2003). Histone sumoylation is associ-
ated with transcriptional repression. Proc. Natl. Acad. Sci. USA
100, 13225–13230.
Simpson, R.T. (1978). Structure of the chromatosome, a chromatin
particle containing 160 base pairs of DNA and all the histones.
Biochemistry 17, 5524–5531.
Smith, C.L., Horowitz-Scherer, R., Flanagan, J.F., Woodcock, C.L.,
and Peterson, C.L. (2003). Structural analysis of the yeast SWI/SNF
chromatin remodeling complex. Nat. Struct. Biol. 10, 141–145.
Sprangers, R., Groves, M.R., Sinning, I., and Sattler, M. (2003). High-
resolution X-ray and NMR structures of the SMN Tudor domain:
conformational variation in the binding site for symmetrically dimeth-
ylated arginine residues. J. Mol. Biol. 327, 507–520.
Steger, D.J., Haswell, E.S., Miller, A.L., Wente, S.R., and O’Shea,
E.K. (2003). Regulation of chromatin remodeling by inositol poly-
phosphates. Science 299, 114–116.
Strahl, B.D., and Allis, C.D. (2000). The language of covalent histone
modifications. Nature 403, 41–45.
Sun, Z.W., and Allis, C.D. (2002). Ubiquitination of histone H2B regu-
lates H3 methylation and gene silencing in yeast. Nature 418,
104–108.
Suto, R.K., Clarkson, M.J., Tremethick, D.J., and Luger, K. (2000).
Crystal structure of a nucleosome core particle containing the vari-
ant histone H2A.Z. Nat. Struct. Biol. 7, 1121–1124.
Swedlow, J.R., and Hirano, T. (2003). The making of the mitotic
chromosome: modern insights into classical questions. Mol. Cell
11, 557–569.
Tamaru, H., and Selker, E.U. (2001). A histone H3 methyltransferase
controls DNA methylation in Neurospora crassa. Nature 414,
277–283.
Thomson, S., Mahadevan, L.C., and Clayton, A.L. (1999). MAP ki-
nase-mediated signalling to nucleosomes and immediate-early gene
induction. Semin. Cell Dev. Biol. 10, 205–214.
